Tomato plants (Lycopersicum esculentum Mill.) were grown for 21-days in a complete hydroponic nutrient solution including 
significantly different in root PM isolated from Fe-deficient versus Fe-sufficient plants and proceeded at substantially lower rates than NADH-dependent reduction. Mg2 -ATPase activity was increased 22% in PM from roots of Fe-deficient plants compared to PM isolated from roots of Fe-sufficient plants. The results localized the increase in Fe reductase activity in roots grown under Fe stress to the PM.
Iron deficiency induces a series of adaptive reactions in roots of Fe-efficient plants (10, 26) . Roots under Fe stress show a dramatic increase in root hairs and rhizodermal transfer cells (16, 17) , have a 5-to 10-fold increased capacity to reduce chelated Fe (4, 1 1) and show increased acidification of the rhizosphere (13, 27) . Both acidification and Fe reductase activities are spatially coincidental on the newly developed roots (27) . In an early attempt to explain reduction of Fe by roots, Brown and Ambler (6) and Olsen et al. (22, 23) proposed the secretion of reductants into the rhizosphere. In support of this hypothesis, they as well as Romheld and Marschner (25) An alternate mechanism of Fe-stress induced Fe reduction has been presented by Chaney et al. (11) and subsequently expanded upon by Bienfait et al. (3, 4) . In their hypothesis, a transplasma membrane (PM3) electron transport chain supplies electrons from cytoplasmic reducing equivalents to the extracytoplasmic cell surface where Fe reduction occurs. Since the proposal of an Fe-stress-responsive electron transport chain by Chaney et al. (1 1), evidence for PM redox systems and their involvement in Fe reduction has become substantial. For example, a number of reports suggest the presence of NAD(P)H dehydrogenase activity on plant PM (reviewed in ref. 12) . The presence of a PM-associated redox system in plants has been demonstrated in intact roots, whole cells, protoplasts, isolated membranes, and purified PM preparations (reviewed in ref. 12 ). Also, the reduction of Fe at the cell surface is enzymatic (1, 4, 25) , occurs on the extracytoplasmic surface of the PM (2) and is increased circa 10-fold during Fe stress (4, 1 1).
The structure of the PM Fe3+-chelate reductase is largely unknown. Sijmons et al. (29) (9) reported the nonobligatory involvement of superoxide radicals in Fe reduction and, based on theoretical consideration, proposed a semiquinone in the 1-electron reduction of 02. Such a mechanism differs significantly from the superoxide generating system on the PM of leucocytes, which involves a flavinmediated transfer of electrons to a b-type Cyt (20) .
Until recently, investigations into the mechanism of Fe reduction at the PM and the mechanism of reductase induction during Fe stress adaptation have centered around intact roots. We report here evidence for the localization of the Festress redox response in a tomato root PM fraction prepared by aqueous two-phase partitioning.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Tomato (Lycopersicum esculentum Mill. cv Rutgers) seeds were treated with ethanolic Arasan4 and germinated in standard paper towels, which were moistened with Fe free macronutrient solution (see below). After 10 (8) . For the phase partitioning, four 36 g phase systems were constructed containing 6.4% (w/w) dextran T500 (Pharmacia AB, Uppsala, Sweden), 6.4% (w/w) polyethylene glycol with an average molecular mass of 3350 D (Sigma Chemical Co., St. Louis, MO), 0.048% phosphate buffer titrated to pH 7.8 with KOH, 0.037% KC1 and 8.56% sucrose all calculated by weight. Ten g of membranes suspended in the phosphate buffered sucrose solution were added to a phase system to give a 36 g system of the composition described above. All systems were equilibrated to 20C and partitioned by repeated inversion for 20 s. The phases were separated by centrifugation at 2,000gm. for 10 min at 2TC
(Sorvall HB-4 rotor, Du Pont, Wilmington, DE). The partitioning procedure was repeated for a total of 4 partitions as described (8) . Upper phases were diluted with 5 volumes of 15 mm Tris-Cl (pH 7.5), 250 mm sucrose and 0.1 mM DTT (dilution medium) and pelleted at 1 13,000gma. PM pellets were resuspended in dilution medium for immediate use in ATPase or UDPase enzyme assays. PM pellets for Cyt c oxidase, NADH-Cyt c reductase, NAD(P)H-Fe3+ (chelate) or NAD(P)H-ferricyanide reductase were washed with 10 volumes of dilution medium without DTT, repelleted at 11 3,000gma and resuspended in dilution medium without DTT for immediate use in enzyme assays.
Enzyme Assays
Marker enzymes for endoplasmic reticulum, Golgi apparatus and mitochondria were, respectively, antimycin A-insensitive, NADH-Cyt c reductase (15) , Triton X-100-stimulated UDPase (21) and Cyt c oxidase (15) . Assays were performed by the modifications of Buckhout et al. (7) . Vanadateinhibited, Mg2+-ATPase activity, a marker enzyme for PM, and chloride-stimulated Mg2+-ATPase, a marker enzyme for tonoplast membranes, were assayed with and without 0.0 125% (w/v) Triton X-100 as described by Robinson et al. (24) . Protein was determined by the dye-binding assay of Bradford (5) .
NAD(P)H-Fe3+-citrate reductase was assayed in 15 mM
Mes-Tris buffer (pH 6.0), containing 250 mm sucrose. The reaction mixture contained 160 uM NAD(P)H, 250 Mm Fecitrate-Tris (pH 6.0), 0.025% (w/v) Triton X-100, and 50 Mm BPDS. Fe-citrate-Tris was prepared as a 10 mM FeCl3 in 200 mM citrate-Tris (pH 6.0) buffer and diluted 40-fold into the assay mixture giving a citrate to Fe3" ratio of 20:1. Fe-citrate reduction was assayed spectrophotometrically at 535 nm using an extinction coefficient of 22 mM-' cm-'. NAD(P)Hferricyanide reductase was assayed as described (8) subtracting the sum of the rates obtained without enzyme and without NADH. An extinction coefficient of 1.02 mM-' cm-' was used in calculations of ferricyanide reduction.
RESULTS
Plasma Membrane Isolation
PM were isolated by the aqueous 2-phase partitioning method described by Larsson (18) and modified by Buckhout and Hrubec (8) . This method provides membrane fractions composed of >90% PM vesicles of a defined, right-side-out orientation (19) . Analysis of membrane marker enzymes was conducted to assess the purity of the fraction used in this study. Contamination of the PM fraction by endoplasmic reticulum (antimycin A-insensitive NADH Cyt c reductase) and Golgi apparatus (latent UDPase) was minimal with less than 2% of the total marker enzyme activities for these organelles recovered in the PM fraction (Table I) . Similarly, mitochondria were largely absent since only 0.23% of the total Cyt c oxidase activity was recovered in the PM fraction. In contrast, approximately 8% of the total protein and nearly 30% of the total PM as determined by vanadate-sensitive Mg2+-ATPase was recovered in the PM fraction. Inhibition of the Mg2+-ATPase by nitrate or stimulation by chloride was less than 5% of the total ATPase value measured at pH 7.5 in both the microsomal fraction (8) Localization of Fe reduction along the roots was tested in a parallel study using the Prussian blue stain (2) . As (Table III) . Pyridine nucleotide-dependent Fe3`-chelate reduction occurred at significantly higher rates in PM vesicles isolated from Fe-deficient roots compared to controls (Table III) . The specific activity of NADH-dependent Fe3`-citrate reduction for the Fe-deficient roots was increased 93% over controls, while ferricyanide reduction was increased 116%. The specific activity of NADPH-dependent reduction of both Fe3+-citrate and ferricyanide was only minimally increased in PM isolated from Fe stressed roots compared to controls. Although the increases in NADPH-dependent Fe reduction were not statistically significant (i.e. greater than 2 standard deviations from the mean), the NADPH-dependent Fe reductase activity in PM from Fe-deficient roots was greater than that in controls in all experiments conducted (n = 4). Detection of optimal activity required the presence of 0.025% (w/v) Triton X-100. This dependence on detergent indicated that either the electron donor, acceptor, or both required access to sites on the enzyme not exposed to the external solution in the reductase assay. These results clearly demonstrate the induction of a PM-bound Fe3+-chelate reductase activity in response to Fe stress.
So-called Fe-efficient plants respond to Fe stress by acidification of the rhizosphere and induction of Fe3+-chelate reductase activity. An increase in Fe3+-chelate reductase activity has been clearly demonstrated in isolated PM from Festressed roots (Table III) . Parallel to the analysis of reductase activity, PMs from Fe-sufficient and -deficient roots were analyzed for Mg2+-ATPase activity. Since the PM Mg2+-ATPase is a proton-transporting enzyme involved in establishing the protonmotive force, acid outside, across the PM, it is possible that this ATPase is involved in the increased acidification of the rhizosphere in response to Fe stress. However, analysis of the ATPase activity in PMs from Fe-sufficient and -deficient roots showed only a slight increase in ATPase specific activity in membranes derived from Fe-deficient roots (Table IV) . Since the physiological response to Fe stress in intact roots is a dramatic acidification of the rhizosphere (13, 27) , one must conclude that either the increase in ATPase occurs only on the PM of epidermal cells and that these vesicles are only a minor population of the PM preparation, or that this relatively small increase in specific activity of the ATPase in PM isolated from Fe-deficient roots is not related to the mechanism of acidification observed in intact roots growing under Fe stress.
DISCUSSION
In response to Fe deficiency, roots of dicotyledonous plants induce a series of reactions which allow absorption of Fe from the rhizosphere with greater efficiency. These adaptive reactions have been shown to occur on the root surface and include an increased reduction of Fe3+-chelate, acidification of the rhizosphere to increase Fe mobility and persistence of Fe2" and alterations in root morphology. The data in this report demonstrate for the first time an increase in Fe3+- (25) . Recently, Tipton and Thowsen (30) proposed a modification of the secretion hypothesis in which malate would be secreted into the cell wall with the subsequent production of NADH by malate dehydrogenase and NADH supplying the reducing equivalents necessary to reduce Fe. Although malate dehydrogenase has been localized in isolated cell walls (9, 14) , two lines of evidence argue against its role in Fe reduction. First, Fe stress was coincident with a modest increase in soybean seedling malate content (30) ; however, the concentration of malate dehydrogenase in the cell wall is not adequate to support the observed rate of Fe reduction by whole roots (9) . Second, the addition of malate to intact roots actually inhibited Fe reduction (9) inconsistent with the proposed role of malate as the reductant for NADH. Taken as a whole, secretion of Fe reducing substances seems not to be the major source of Fe reducing potential in Fe-stressed roots.
An alternate mechanism for the reduction of Fe3+-chelates by Fe-deficient roots is by enzymic reduction at the cell surface. Fe3+-chelate reduction activity was first proposed by Chaney et al. (1 1), and this theory has been subsequently confirmed and extended by Bienfait (3) and Romheld and Marschner (25, 26) . Results presented here clearly show that the primary mechanism of Fe-deficiency induced Fe reduction is through the increase in activity of a PM electron transport system.
In intact roots, Fe stress results in a greater than 7-fold increase in Fe3+-chelate reductase activity in tomato (Table   II) , a 6-fold increase in bean roots (4) , and up to 20- 
